Abstract: Channel equalization and phase noise compensation are required in coherent optical orthogonal frequency-division multiplexing (CO-OFDM) transmission systems for reliable performance. In general, redundant data such as training symbols and pilot tones are necessary for channel and phase noise estimation in quadrature amplitude modulation (QAM) based CO-OFDM systems, which reduces the spectral efficiency of the system. Especially, in the coherent passive optical network (PON), the redundancy increases as the number of subscribers increases. In this letter, we propose a differential amplitude shift keying (DAPSK)-based CO-OFDM transmission for PON system, which does not require channel equalization and phase noise compensation processes. The proposed DAPSKbased CO-OFDM transmission was experimentally demonstrated, and the performance according to receiver launched power and the number of subcarriers was compared with QAM-based CO-OFDM.
Introduction
Coherent optical orthogonal frequency division multiplexing (CO-OFDM)-based passive optical networks (PONs) have drawn attention as a next-generation optical access network technology because of its high spectral efficiency, receiver sensitivity, and flexibility [1] , [2] . However, for reliable system performance of CO-OFDM-PON, channel equalization and phase noise compensation are required. Because, in the link, the frequency dependent channel response caused by the transmission channel characteristic and impulse response of various components distorts the received signal; also, the phase noise from transmit and local oscillator (LO) lasers leads to rotation of the received symbol constellation. In order to equalize the frequency dependent channel response, post processing using digital signal processing (DSP) is usually used. For phase noise compensation, an optical phase-locked loop (OPLL), which tracks and matches the phase between transmitter and LO laser source, can be used [3] , but installing additional hardware in every optical network unit (ONU) is cost inefficient in PON systems. Therefore, DSP is commonly preferred over OPLL for phase noise compensation, like above mentioned channel equalization. Generally, in quadrature amplitude modulation (QAM)-based OFDM in coherent-PON system, channel equalization and phase noise compensation using training symbols and pilot tones which are inserted in the OFDM frame at certain intervals according to the channel condition are used [4] , [5] . However, because training symbols and pilot tones are redundant data, this approach has a disadvantage in spectral efficiency. Alternatively, a differential modulation technique can be adopted instead of the QAM.
Differential amplitude and phase shift keying (DAPSK) is a differential modulation technique to map data to the phase and amplitude and difference between adjacent symbols, and it has been mostly researched in the radio-frequency (RF) communication [6] - [9] . The DAPSK demodulation process divides adjacent symbols, so multiplied noise such as channel response and phase noise are canceled out, assuming that the phase and channel response variations between two adjacent symbols are small enough to be negligible, namely, the quasi-stationary condition. Consequently, DAPSK-based CO-OFDM-PON system has advantages in spectral efficiency and system complexity because it does not require channel equalization and phase noise compensation processes that use redundant data. A disadvantage of DAPSK is that differential modulation has a higher signal-to-noise ratio (SNR) penalty than that of the non-differential technique [10] . Fortunately, the optical channel is more stable and less noisy than the RF channel. Furthermore, coherent detection has much higher receiver sensitivity, so a high SNR can be easily achieved in a coherent optical transmission system compared to optical intensity modulation and direct detection (IM/DD) systems.
In this letter, we propose a DAPSK-based CO-OFDM transmission technique for PON system, whose performance is experimentally demonstrated. In CO-OFDM-PON system, there are several deterioration factors that increase the overhead, but we focused on channel response and phase noise aspects. Through differential modulation and demodulation, channel response and phase noise are effectively removed, and the data are restored without channel equalization and phase noise compensation after 20 km of coherent optical transmission. In consideration with the quasi-stationary condition, the performance was measured and analyzed in DAPSK-OFDM, which has 64 and 128 subcarriers, with a 5-GHz signal bandwidth because the symbol duration is changed according to OFDM subcarrier spacing. In addition, the performance of DAPSK-OFDM was compared to that of QAM-OFDM, which included channel equalization and phase noise compensation, and we showed that the spectral efficiency of DAPSK-OFDM was better than that of QAM-OFDM. In spite of the 1-2 dB power penalty, DASPK-OFDM could satisfy bit error rate (BER) performance for the forward error correction (FEC) limit of 2 × 10 −3 because of the high receiver sensitivity of coherent detection. Fig. 1(a) shows the CO-OFDM-PON architecture. Subcarriers or bandwidths are allocated according to the needs of each ONU, and the signals of each ONU are divided by a passive power splitter in the down-link and summed in the up-link transmission. Fig. 1(b) represents frame structure for general QAM-OFDM considering channel equalization and phase noise compensation in coherent-PON system. Training symbols and pilot tones are inserted at some intervals according to the channel condition, and at least one pilot tone should be inserted for each ONU in order to achieve uniform performance because the signals of each ONU have different phase noise characteristics. Therefore, the redundancy increases as the channel characteristic deteriorates and the number of ONUs increases. Consequently, this approach can significantly reduce spectral efficiency in coherent-PON system.
Schematics
Frame structure for the proposed DAPSK-OFDM is represented in Fig. 1 (c). Redundant data for channel equalization and phase noise compensation processes is not required except the first frame for dividing the next frame because the processes are performed automatically during demodulation process. Also, the loss of the first frame is meaningless when the frame transmission is continuous enough.
The channel equalization and phase noise compensation processes of QAM-OFDM are performed with training symbol and pilot tone interval, whereas demodulation and impairments cancelation of the proposed DAPSK-OFDM is performed independently of all OFDM subcarriers at interval of two frames without redundancy. Therefore, in the proposed system, redundancy does not increase as the number of ONUs increases and the channel condition degrades in terms of channel equalization and phase noise compensation. The proposed transmission scheme can be used in both uplink and downlink, and because of the features of the proposed scheme mentioned above, it is possible to prevent the reduction of the spectral efficiency which is caused by the increase of the number of ONUs. Also, it is possible to reduce the burden of the DSP for the channel equalization and phase noise compensation in the ONU and optical line terminator (OLT). Fig. 2 shows the schematic diagram of the proposed DAPSK-OFDM transmission for coherent-PON system. The differential modulation and demodulation processes are simply added without channel equalization and phase noise compensation processes. In the transmission part, serial bit data are converted to parallel bit sequences, and then each bit sequence is modulated to a DAPSK symbol. 
where a is amplitude factor, and a q refers to the amplitude transition value. The amplitude transition value depends on the first bit (b 1 ) i ,k and the previous DAPSK-OFDM symbol S i −1,k , which is determined according to Table 1 . 
In two-level DAPSK, symbol S i −1,k can have an amplitude state of 1, or a, but transition state B i ,k can have three kinds of states (a −1 , 1, a 1 ). The remaining three bits are mapped to the complex value exp(jn ϕ), which is the general 8-Phase Shift Keying (PSK) symbol. Amplitude mapping and PSK are separately performed. Amplitude level and PSK order can be changed, thereby total DAPSK order can be changed simply. The DAPSK-OFDM symbol S i ,k is obtained by multiplying the complex value B i ,k by the previous DAPSK-OFDM symbol S i −1,k . Consequently, the symbol of the i th frame and kth subcarrier is presented as
Constellations of 4-differential phase shift keying (DPSK), 8-DAPSK, 8-DPSK, 16-DAPSK, and 16-DPSK symbols are presented in Fig. 4(a) . Constellation of 8-DAPSK symbol consists of 4-DPSK and two-level differential amplitude shift keying (DASK). 16-DAPSK consists of 8-DPSK and twolevel DASK. Also, the differential complex values B i ,k of two level DAPSK modulated symbols which are 8-DAPSK and 16-DAPSK have three amplitude levels as shown in Fig. 4(b) .
The inverse fast Fourier transform (IFFT) is followed by cyclic prefix (CP) insertion, in order to mitigate the in-phase and quadrature (IQ) timing offset and inter-symbol interference (ISI) caused by fast Fourier transform FFT window timing offset, and then the signal is transmitted after optical IQ modulation. The received DAPSK-OFDM symbol that is obtained after optical coherent transmission and FFT is given as where H i ,k , e j φ P N i ,k and n i ,k represent the channel response, phase noise, and additive white Gaussian noise (AWGN), respectively. Fig. 3(b) shows the 16-DAPSK demodulation process. The differential demodulation is a simple process that divides R i ,k by R i −1,k . Assuming a negligibly low AWGN, the demodulated differential complex value D i ,k can be written as
Provided that channel response is sustained at least for two-symbol duration, i.e., assuming quasi-stationary, H i ,k and H i −1,k are canceled out in (4). In the same manner, if phase fluctuation is very small for two-symbol duration, e j φ P N i ,k and e j φ P N i −1,k also can be canceled out. Therefore, without channel equalization and phase noise compensation, the differential complex value B i ,k can be restored, as shown in (5) . Because demodulation performance depends on the quasi-stationary condition, the shorter the symbol duration, the better the performance. The demodulation process is independently performed in each OFDM subcarrier, so channel response and phase noise can be effectively removed in frequency-selective channel transmission. The amplitude mapped bit (b 1 ) i ,k is de-mapped according to Table 1 with |D i ,k | and
In the case where AWGN is not negligible, it deteriorates the system performance. Moreover, in the case of the differential system, it has an SNR penalty of approximately 2 dB compared with a non-differential system such as QAM-mapped OFDM. Nevertheless, in the optical coherent system that has stable channel conditions and high receiver sensitivity, these drawbacks can be overcome. In addition, system complexity resulting from DSP for impairment compensation can be relaxed by using the differential modulation and demodulation techniques.
Experiments
The experimental setup for the proposed scheme is shown in Fig. 5 . Because the proposed technique focuses on the channel response and phase noise, the experimental demonstration was performed through self-coherent setup which has the carrier frequency offset (CFO)-free condition for proof-of-concept. An external cavity laser (ECL) with a center wavelength of 1550.223 nm and linewidth of 100 kHz was used for both the optical source and LO, by using a 3-dB optical splitter. In two-level DAPSK-OFDM, amplitude factor a was set to 2. The digital samples of the D(A)PSK-OFDM signal were made by offline processing, and the analog signal was generated by an arbitrary waveform generator (AWG). The signal was electro-optic (O/E)-converted by the IQ modulator where the bias was controlled by the auto bias controller (ABS). The IQ modulator consisted of three MachZehnder modulators and the signal was modulated at null bias point. Therefore, the insertion loss of the IQ modulator was high, and the fiber launched power was −15 dBm. Polarization controllers were used in front of the IQ modulator and the coherent receiver, which are polarization-dependent components. The optical signal was transmitted through a 20 km single-mode fiber (SMF), and then received by a coherent receiver. In order to emulate optical distribution network (ODN) loss according to splitting ratio in PON system, the received power was tuned by variable optical attenuator (VOA). The received signal was sampled by a mixed-signal oscilloscope (MSO) with a 25-GHz sampling rate. Then, the remaining processes including FFT, D(A)PSK demodulation, and the symbol de-mapping were performed by offline processing without the channel equalization and phase noise compensation processes. The QAM-OFDM demonstration was performed in the same manner as D(A)PSK-OFDM. However, unlike D(A)PSK-OFDM, channel equalization and phase noise compensation algorithm using training symbols and pilot tones were added. Both bandwidth of D(A)PSK-OFDM and QAM-OFDM were 5 GHz, and CP that was 5% of the signal frame length was included in the signals to mitigate the IQ timing offset and ISI caused by FFT window timing offset. Differential modulation method could be more affected by ISI; however, in OFDM, ISI could be easily removed by CP. Thus, there was no difference in performance between QAM-OFDM and DAPSK-OFDM according to ISI when CP was used.
For the cases of 4-DPSK, 8-DAPSK, 8-DPSK, 16-DAPSK, and 16-DPSK, BER was measured according to receiver launched power. In addition, in D(A)PSK-OFDM with 64 and 128 subcarriers, the measurement was carried out repetitively in order to evaluate the system performance according to the symbol duration under the quasi-stationary assumption. Symbol durations of an OFDM symbol with 64 and 128 subcarriers were 13.4 ns and 26.9 ns, respectively, including CP.
QAM-OFDM transmission performance was also measured by keeping the same order and number of subcarriers as the previously measured D(A)PSK-OFDM in order to compare the performance. The number of training symbols and pilot tones were optimized by considering the channel and frequency characteristics of the experimental setup. Training symbols were inserted at intervals of 100 frames. Pilot tones were inserted at intervals of 20 subcarriers in QAM-OFDM with 128 subcarriers, and at intervals of 10 subcarriers in QAM-OFDM with 64 subcarriers, considering the frequency interval of the subcarrier. Therefore, six pilot tones were used for QAM-OFDM phase noise compensation in both cases. Constellations of received symbols were distorted because of channel response and phase noise after 20 km coherent optical transmission. ISI was eliminated by using CP. Thus, the main causes of the distortion were phase noise by laser linewidth, and channel response by RF (Radio Frequency) and optical components. Since the fiber launched power was as small as under −15 dBm, the nonlinear effect such as self-phase modulation (SPM) was not significant. SPM is mainly considered in long-haul system, where the fiber input power is more than 0 dBm and the transmission distance is several hundred kilometers. Also, generally, single wavelength based coherent-PON system which has high receiver sensitivity does not require high fiber launched power; therefore, SPM is not an issue. After differential demodulation, constellations of demodulated differential complex value D i ,k were restored for every case. In particular, cases of two-level DAPSK were restored to three-level constellations because they had three kinds of transition states. In addition, D(A)PSK-OFDM with 64 subcarriers was restored better than D(A)PSK-OFDM with 128 subcarriers. This was because the OFDM symbol duration for the 64-subcarrier case was shorter than that of 128 subcarriers, in half; in other words, D(A)PSK-OFDM with 64 subcarriers satisfied the quasi-stationary condition better. because the adjacent symbol distance of DAPSK is longer than that of DPSK. In particular, the symbol distance of 16-DPSK was so short that the symbols could not be distinguished, as shown in Fig. 5 ; therefore, the FEC limit of 2 × 10 −3 could not be satisfied in 16-DPSK-OFDM. However, the 16-DAPSK symbol was relatively well distinguished, so the 16-DAPSK-OFDM case could satisfy the FEC limit over launched power of −29 dBm. Considering the fiber launched power of −15 dBm, ODN loss of 14 dB was acceptable in the set-up. If an IQ modulator which has low insertion loss or optical pre-amplifier was used, the higher power margin could be obtained. D(A)PSK-OFDM had an approximately 1-dB power penalty at a BER of the FEC limit compared with QAM-OFDM having the same order. Nevertheless, at a relatively low launched power, the FEC limit could be satisfied. In addition, because D(A)PSK-OFDM did not use training symbols and pilot tones for channel and phase estimation, a better spectral efficiency and data rate could be achieved compared to QAM-OFDM. In this experiment, training symbols that had intervals of 100 frames and six pilot tones were used for QAM-OFDM receiving; thus, the spectral efficiency and bit rate were degraded compared to D(A)PSK-OFDM, which is summarized in Table 2 . Since the number of optimized redundancy in the experiment depends on the channel environment, spectral efficiency may also vary depending on the channel environment. However, If the number of ONUs which is supported in coherent-PON system increases, more training symbols and pilot tones should be used for channel equalization and phase noise compensation in the QAM-OFDM. Therefore, spectral efficiency will be more degraded, and the system complexity for this case will increase. Whereas, D(A)PSK-OFDM based coherent-PON will maintain spectral efficiency and system complexity because it does not require redundancy for channel equalization and phase noise compensation.
Results and Discussion
BER performance of D(A)PSK and QAM-OFDM with 128 subcarriers is presented in Fig. 7(b) . In the case of 16-DAPSK-OFDM, the FEC limit could be satisfied at receiver launched power of −24 dBm. Overall, the required launched power for the FEC limit increased by 5 dB in comparison with the 64-subcarrier case. This was because the OFDM symbol duration was doubled from 13.4 to 26.9; in other words, the quasi-stationary condition may not be maintained well. As with the results of the 64-subcarrier case, in the 128-subcarrier case, DAPSK-OFDM shows better performance compared to DPSK-OFDM, and D(A)PSK-OFDM has a 2-dB power penalty compared to QAM-OFDM. When the number of subcarriers increased from 64 to 128, the spectral efficiency and bit rate of QAM-OFDM also increased, because the number of training symbols and pilot tones did not change. Nevertheless, the spectral efficiency and bit rate of QAM-OFDM were still lower than those of D(A)PSK-OFDM as summarized in Table 2 .
Conclusion
We have proposed a DAPSK-OFDM transmission scheme for an efficient coherent-PON system. Through the experimental demonstration, it was verified that DAPSK-OFDM coherent optical transmission was possible without the phase noise compensation and the channel equalization with a higher spectral efficiency compared to QAM-OFDM. Although DAPSK-OFDM has 1-2 dB power penalty compared to QAM-OFDM, this disadvantage can be overcome in optical coherent systems by its high receiver sensitivity. Furthermore, unlike QAM-OFDM, DAPSK-OFDM can achieve high spectral efficiency regardless of frequency channel stability and the number of subcarriers. Therefore, the proposed DAPSK-OFDM coherent optical transmission technique will be useful in the coherent-PON system that requires low system complexity and high spectral efficiency.
